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ABSTRACT 
The impact of transmission system design criteria on system 
reliability is presently a topic of considerable industry 
interest because of the capital and environmental constraints 
placed on the construction of new transmission facilities. 
An interesting question concerning such criteria is whether 
alternative system configurations which are designed to meet 
established criteria necessarily result in equally reliable 
system performance. 
Presently, the reliability of a bulk power transmission 
system is assessed by simulating outage conditions on a 
computer load flow program. The resultant overloads or low 
voltage conditions, if any, are identified and compared to a 
set of pre-specified conditions commonly known as "reliability 
criteria". Reliability criteria have been developed by the 
utilities on a regional basis throughout the United States 
based on industry experience and judgment. Typical reliability 
criteria that have been developed require that a system be 
capable of meeting system demand within major component 
ratings for the occurrence of unscheduled outages of generation 
and transmission facilities. While this is desirable for 
planning or design studies, it does not identify the relative 
benefits of one system over another when both systems may 
satisfy the same reliability criteria. 
Techniques have been developed to determine the reliability 
of the generating capacity of a system. However, these 
techniques assume that the transmission system between the 
generating plants and loads is unlimited and permanently 
available. Unfortunately, these assumptions are not applicable 
to transmission facilities. Therefore, a real need exists 
for developing an approach to quantify the reliability of 
bulk power transmission systems. 
This thesis evaluates a quantitative method of assessing the 
reliability of a bulk power system. This method utilizes the 
probability techniques available from generation reliability 
analysis, recognizing that the transmission system can impose 
limitations, which decrease overall system reliability. A 
table is developed from the generation results specifying the 
probability the various transmission transfer capabilities 
that will be required. A power system transfer study was 
performed to identify all transmission line limitations and 
associated transmission transfer capabilities. The assignment 
of a probability associated with each of these transmission 
line limitations was then applied to the respective transfer 
level.  The transfer levels and associated probabilities were 
then merged with the required transfer levels to determined 
the probability of loss of load in terms of days per year, 
which is a reliability index common to generation reliability 
analysis.  This procedure was then repeated to determine the 
change in system reliability resulting from the addition, 
removal, or delay of various generating and/or transmission 
facilities. 
CHAPTER I 
INTRODUCTION 
Reliability indices such as the loss-of-load probability 
(LOLP) method have become standard tools in the design and 
analysis of electric power systems. These techniques provide 
a quantitative measure of the ability of the generation 
system to meet the load demand considering both scheduled and 
unscheduled outages. They also allow meaningful comparisons 
to be made between one system and another as well as between 
expansion alternatives for the same system. 
Considerable industry interest has grown over the last 15 
years in extending these techniques to include transmission 
components of the bulk power transmission system. Two key 
assumptions inherent in the use of probability methods for 
generation system assessment are: 
1) Statistical independence among generation facilities. 
2) Unlimited transfer capability between generating plants 
and loads. 
Unfortunately, these assumptions are not applicable to trans- 
mission facilities. The first assumption concerning statistical 
independence among lines is known to be questionable.  The 
risks of more than one line being affected by the same disturbance 
i- 
have been demonstrated in actual power system operation. 
Studies have indicated that the occurrence of multiple line 
outages due to common mode or breaker misoperation is greater 
than the occurrence of multiple line outages resulting from 
independent overlapping outages.  The second assumption 
concerning transfer capability ignores the actual transmission 
system limitations and is therefore not applicable to trans- 
mission transfer capability studies. 
Presently, planners use deterministic contingency criteria 
(reliability criteria) to evaluate the.adequacy of transmission 
system. An example of such a criterion is:  "A system must 
be capable of supplying system load within major component 
ratings after the sudden loss of any one transmission line or 
generating unit".  In general such criteria have worked well, 
as illustrated by the high level of reliability historically 
exhibited by bulk power supply systems. However, the justifi- 
cation of new bulk power facilities has become increasingly 
more complex due to dramatic increases in capital requirements 
and the number of environmental constraints place on the 
utilities. 
In some cases, the deterministic approach has been found 
inadequate in identifying the relative benefits of one system 
over another when both systems satisfy the same reliability 
criteria.  Obviously, some means of quantifying transmission 
reliability is desirable. 
Quantitative methods of reliability assessment of bulk power 
supply systems are presently in the developmental and early 
application stages.  There are several reasons why reliability 
assessment is not universally applied today. First, historical 
failure rate data and repair data under varying environmental 
conditions are either not readily available or nonexistent. 
This lack of data is due to the existing small data sample, 
expenses involved in data acquisition and storage, and the 
present lack of committment on behalf of corporate management 
to support the efforts necessary to obtain the necessary 
data.  Secondly, programs for reliability predictions of bulk 
power supply systems have not progressed to the point that 
acceptable models or appropriate indices have gained universal 
acceptance. National efforts to resolve these difficulties 
have been undertaken by the Electric Power Research Institute 
(EPRI) through research projects.  In parallel with these 
studies, quantitative reliability analysis can and should be 
developed using the data base which is available. 
This thesis evaluates a quantitative method of assessing the 
reliability of bulk power transmission systems.  Several 
presently available methods of quantitative evaluation of the 
bulk power transmission systems will then be compared to the 
proposed method.  In addition, the concept, program limitations, 
and the necessary foundation upon which the reliability of 
other bulk power transmission systems may be quantified will 
be addressed. 
The use of quantitative reliability methods could save millions 
of dollars a year in the electric utility industry; additional 
data would be available to further justify the purpose and 
necessity of a facility to regulatory agencies and thus avoid 
costly construction delays; and, justification to add or 
defer new facilities and comparison of alternative transmission 
plans could be better quantified. 
CHAPTER II 
RELIABILITY ANALYSIS ALTERNATIVES 
A review of the existing approaches for evaluating the effect 
of bulk power systems on power system reliability is provided 
in this discussion. The deterministic and analytic approaches 
are two basic approaches currently used in reliability analysis, 
The deterministic approach is applied universally throughout 
the utility industry today. However, due to some inherent 
limitations of this approach, the analytical approach was 
developed. The analytical approach is comprised of a network 
and. area method. Depending on the analysis being made, 
either method may be used. The discussion of each of the 
approaches follows. 
Deterministic Approach 
Deterministic analysis is an approach which simulates system 
performance under a set of specified conditions and compares 
that performance against a set of reliability criteria. The 
reliability criteria are used to evaluate the adequacy of a 
bulk power transmission system. Adequacy is defined as an 
assessment of the ability of a system to meet demand or 
energy requirements in the presence of scheduled and forced 
outages of generation and transmission facilities without 
exceeding component ratings or violating established standards 
of service. 
Examples of selected contingency conditions included in 
reliability criteria are: 
1) Loss of a transmission line or transformer without 
overloading any remaining facilities while maintaining 
acceptable voltage levels. 
2) Loss of a transmission line or transformer in conjunction 
with the outage of one or more generating units without 
overloading any remaining facilities and maintaining 
acceptable voltage levels. 
3) Loss of multiple circuits or all' lines on a common right 
of way without wide-spread loss of load. 
The ability of a system to meet the reliability criteria can 
be assessed by simulating outage conditions on a computer 
load flow program.  In this manner, facility overloads or low 
voltage conditions, which jeopardize the system's ability to 
serve load can be identified. 
This method of evaluating transmission systems is applied 
universally throughout the electric utility industry today. 
Several reasons why this development has occurred over the 
years are: 
1) Quantitative methods of reliability assessment were in 
the developmental stages and were usually not available. 
2) Reliability programs were extremely costly to run due to 
the extensive data collection required. 
3) Failure rate and repair data, if available at all, were 
limited. The confidence in such data as being representa- 
tive of a given voltage class was low due to the limited 
available data. 
Advantages associated with the deterministic method include: 
1)  Failure rate and repair data were not required to perform 
this analysis. 
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2)  The number of outage cases needed to determine system 
performance is greatly reduced since a selected set of 
contingencies is utilized rather than a complete list of 
all possible outages. 
Disadvantages associated with utilizing the deterministic 
approach include: 
1) Determination of the relative benefits of one system 
over another when both systems satisfy the same reliability 
criteria is difficult. 
2) Determination of a system's actual exposure to a specific 
outage condition is not readily possible. 
In spite of the disadvantages listed, the deterministic 
approach is very good and will continue to provide the basis 
for evaluation of bulk power systems against planning and 
design criteria.  In addition, it is not likely to be replaced 
by the analytical approaches. However, the analytical approach 
provides information to supplement the results rendered by 
the deterministic approach. 
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Analytical Approach 
The majority of the reliability techniques currently in use 
fall within the category of the analytical approach.  Two 
distinct types of methods are available. 
Network Reliability Method - This method can be useful 
in quantifying the reliability of a specific company or 
of specific busses, lines, or groups of equipment. 
Area Reliability Method - This method can be useful in 
studying power transfers between large electrical areas 
either within a transmission system or between transmission 
systems. 
The selection of the method to use is dependent upon the 
objective(s) of the study.  If an engineer is concerned with 
the detailed configuration of a system or substation, the 
risk of the interruption of loads and the severity of individual 
equipment or line overloads must be studied.  This microscopic 
aspect of system reliability requires detailed information on 
individual generator and circuit outage rates and the effects 
of alternative system and substation configurations to ascertain 
the quality of service.  However, if the concern is with the 
12 
planning of a large interconnected system, the engineer needs 
to take a microscopic view of the load and generation in 
several areas. 
A detailed description of each of the methods follows: 
Network Reliability Method 
The network reliability method primarily addresses the ability 
of a system to deliver power from the generation busses to 
the load busses. This method requires three basic elements: 
a generation model, a load model, and a transportation model. 
Each of these models can be simple or complex in nature. 
Some program refinements include the addition of algorithms, 
which simulate the effect of actual operating practices, such 
as generation dispatching and load switching. 
A capacity outage probability table for all the generating 
units at each bus is an example of a commonly used generation 
model. The load model is generally represented as a series 
of discrete values with their associated probabilities. This 
is commonly referred to as a load duration curve. 
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The transmission model will depend upon the type of power 
flow calculation to be made.  The model might consist of just 
the individual line capacities but could include impedance 
and line charging information in more sophisticated models. 
Line reliability data might consist of failure rate and 
repair times (or probabilities) only or may include common 
mode effects and scheduled outage rates and durations. 
At present, three commonly used power flow solution techniques 
available for use in contingency analysis are transportation 
algorithms, D.C. load flow and A.C. load flow.  Their charac- 
teristics are: 
Transportation Algorithm - In the early development of 
transmission models, a transportation algorithm was used 
as a method of solution due to its simplicity and ease 
of calculation. The transportation algorithm models the 
real power flow in a network based on a linear represen- 
tation of the transmission system. This model recognizes 
power flow conservation at a bus as well as transmission 
line capacity limitations. However, it does not recognize 
voltages or the power flow distribution constraints 
imposed by transmission line impedances. As a result, 
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transmission line flows for any given distribution of 
load and generation are not unique. 
The main benefit of the transportation network model is 
the provision for fast computation and minimal input 
data requirements.  However, this approach can result in 
incomplete and sometimes misleading results for large 
power systems and is therefore inaccurate for bus level 
bulk power supply considerations. 
D.C. Load Flow - The characteristic features of the D.C. 
Load Flow are its speed of solution compared to the A.C. 
Load Flow, and improved accuracy as compared to the 
transportation algorithm.  The D.C. Load Flow model, 
like the transportation model is linear; however, it 
incorporates power flow distribution constraints of 
transmission line impedances. Therefore, a unique 
solution results for every given load and generation 
distribution. 
The D.C. Load Flow requires less data preparation and 
computer time than an A.C. Load Flow. Therefore, it is 
easily adapted to automatic contingency simulation 
programs. Also, many other associated algorithms such 
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as generation redispatch can be implemented because the 
D.C. Load Flow is a linear model. 
The D.C. Load Flow does not consider the voltage or 
reactive power aspects of the network; it is limited to 
the calculation of real power flows. Despite these 
limitations, the D.C. model provides a very good represen- 
tation of the transmission network. 
A.C. Load Flow - The use of a full A.C. Load Flow network 
model allows consideration of the voltage/var aspects of 
system adequacy. This model is well known and routinely 
used in Load Flow analysis. Two of the most widely 
known A.C. Load Flow techniques are the Gauss-Siedel and 
the Newton-Raphson methods of solution. These methods 
are non-linear and utilize iterative techniques. Unfor- 
tunately, this makes the computation of redispatch and 
load curtailment strategies for overload relief difficult. 
However, through linear decoupling of the iterative 
solution of real power/voltage angle and the reactive 
power/voltage magnitude portions of the network, it is 
possible to obtain much faster solution speeds. The 
result is still slower than the D.C. Load Flow solution. 
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The use of an A.C. Load Flow program is required only 
when voltage is given as a constraint in the reliability 
program. This requires a large amount of data to accurately 
model the transmission system; i.e., resistance, reactance, 
line charging, generator reactive limits, and reactive 
power. This results in increased computer running time. 
The basic concepts developed for the network method also 
apply for the following area methods. 
Area Reliability Methods - The area reliability methods 
address large electrical areas with sizable unbalance of 
generation and load.  The unbalance is created by one area 
with an excess of generation and other areas with an excess 
of load.  The satisfactory performance of the network requires 
that generation is capable of being delivered to the load 
through the bulk power transmission system.  Basically, these 
methods consider the electrical systems within a large area 
as a single bus and only investigate problems on those lines 
which are affected by transfers between areas. This type of 
analysis is pertinent to a total pool or interpool analysis 
and is the topic of this thesis. 
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A review of two different procedures, which evaluate the 
ability of a given transmission system to deliver the required 
generation to the load will be discussed. Each of the procedures 
share the following type of data. 
1) Failure rate and restoration time for each transmission 
component. 
2) Thermal capabilities for each transmission component. 
3) Electrical representation of the system. 
4) Load Flow solution to an initial dispatch. 
5) Determination of either a maximum required transfer 
capability or a series of required transfer capabilities. 
The following two area reliability approaches provide a 
measurement of the overall system reliability.  In both 
methods, the generation reliability analysis is performed 
first. 
Multi-Area Generation System Reliability Program - This 
particular program facilitates the application of a 
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procedure to evaluate the reliability benefits of increased 
transmission capacity versus added generation.  A two 
state generation model is used to develop a capacity 
probability table used in Loss of Load Probability 
(LOLP) calculations.  All transmission limitations 
internal to any area are ignored.  The areas are connected 
by transmission links whose capacities correspond to the 
transfer capability between the respective regions.  The 
system is represented by a transportation network so 
that the flow pattern is constrained strictly by network 
topology and link capacities.  In essence, the power 
flows must satisfy the current law; however, Kirchhoff's 
voltage law is ignored. . 
A systematic procedure classifies all the system states 
into success or failure states and computes the various 
probability values. The maximum flow/minimum cut labeling 
technique is used to determine the network flow pattern 
such that all load, or as much load as possible is 
satisfied.  When some load is not satisfied, the minimal 
cut across the network is identified. The cut contains 
the necessary information concerning the cause of the 
failure and the associated relevant probability values. 
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This method provides reliability measures (i.e. the 
probability of failure to meet the load) for each individual 
area and the total system.  It also allows the computation 
of the probability each link (transmission line) is a 
member of a critical minimum cut.  The program has been 
used to perform sensitivity studies of the effects on 
system reliability due to changes in generation reserves, 
transfer capabilities, unit forced outage rates, and 
load forecasts. 
Transmission Outage Reliability Adjustment to Area 
Reliability Program (TRANSAR) - This program was inspired 
by a recent IEEE technical paper, A Reliability Approach 
(8) to Interconnection Planning by Mr. G. L. Landgren  . 
This method provides a procedure by which the probability 
of transmission line outages are considered in the 
calculation o^f area reliability to meet established 
reliability criteria. The probability of load exceeding 
generation, which is calculated by a generation reliability 
program, is used to determine the input requirements to 
meet LOLP criteria of 1 day in 10 years.  This means 
that load may exceed generation only 1 day in 10 years. 
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The transmission system is then tested under the worst 
single contingency outage condition to determine if 
transfer levels equal or exceed the import requirements 
determined by the probability calculations. The method 
calculates the probability of transfer levels into an 
area using transmission outage probability calculations 
in conjunction with an A.C. Load Flow and associated 
programs. The transfer levels and their associated 
probabilities are then merged with the required transfer 
levels and their probabilities to determine an area's 
overall probability of loss of load in years per day. 
The TRANSAR methodology is presently a procedure using 
existing available programs with considerable manual 
interface. This thesis presents this approach of evaluating 
transmission reliability, utilizing the available computer 
programs when necessary. 
Summary 
Both area reliability methods provide the reliability indices - 
LOLP -commonly used in generation reliability studies. These 
indices are used to evaluate the relative benefit of one plan 
over another. Also, since the methods only address the 
21 
outages which limit the transfer capability and not all 
possible line outage combinations, calculation times are 
reduced considerably. 
The TRANSAR approach was chosen for thesis discussion because: 
1) Existing supportive computer programs were available. 
The Multi-Area program would have to be acquired from a 
consulting engineering firm. 
2) The TRANSAR approach uses an A.C. model in lieu of a 
transportation model (Multi-Area Program). This will 
avoid misleading results, which would be obtained from a 
transportation model. 
Although advantages and disadvantages were discussed in this 
chapter, it was not intended to imply that some approaches 
are preferred above others. Depending on the particular 
evaluation being made, one approach may be more advantageous 
than another. 
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CHAPTER III 
ESSENTIAL CONCEPTS 
As a prelude to understanding reliability analysis, one must 
be acquainted with the basics of large electric power system 
analysis and its associated programs.  The following three 
computer program packages are used to provide input to the 
reliability calculations developed in this paper. 
GEBGE - Reliability Analysis 
PSAP - Load Flow Analysis 
TLIM - Contingency Analysis 
These programs are discussed in greater detail in this chapter. 
GEBGE Reliability Program 
The reliability program used in this study is the GEBGE 
Reliability Program, which was originally written by the 
General Electric Company and the Baltimore Gas and Electric 
Company.  It is a sophisticated digital program, which has 
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the ability to account for the following features in calculating 
of system reliability: 
1) Generator forced outage rates, which are automatically 
revised during the maturing period of new units. 
2) A forecast error adjustments, which can modify the load 
forecast. 
3) Historically derived load representations, which can be 
revised according to monthly or seasonal load projections. 
4) Seasonal adjustment factors for the rerating of capacity 
due to the seasonal effect on capacity. 
5) The effect of tie line capability sizes between two 
systems, which limits the interchange of capacity. 
6) The calculation of the reliabilities of two interconnected 
systems simultaneously, including the effect of each 
other's reliability. 
7) Annual maintenance on a weekly basis for up to six years 
which is assumed cyclic. 
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8) Ability to calculate the probability that the available 
capacity will exceed or be less than the load by a given 
amount. 
9) Ability to represent the probability of new units not 
meeting their scheduled installation dates. 
The two important elements in calculating system reliability 
using the GEBGE method are generation availability and load 
variability. These are generally called the generation (or 
capacity) model and the load model, respectively. These 
elements and the mechanics of the method are discussed in 
this section. A simplified model is developed to illustrate 
the use of this method. 
Generator Model 
Each generator has a probability of being unavailable for 
operation due to an uncontrolled or forced outage. This 
probability may be expressed as a percent of time, such as 
two percent. This "forced outage rate" for generators may be 
determined from a variety of sources, such as a unit's own 
history of operation, national experience with units of 
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similar type, and/or extrapolation of data for the newer 
types and sizes of units. 
The forced outage of a generator can be considered an independent 
event; that is, it is neither influenced by the forced outages 
of other generators, nor, in turn, does it influence them. 
The probability of the coincident occurrence of a series of 
independent events is the multiple of their individual probabil- 
ities. Every possible combination of unit availability must 
be considered, using the forced outage rates (or the corresponding 
availability rates) characteristic of each unit in each 
combination.  The results are accumulated in a table of total 
available system generation and the associated probability of 
occurrence. An example, which will be used later in a complete 
sample of calculation of system reliability, assumes a system 
of four generation units - 150 MW, 125 MW, 100 MW, and 75 MW. 
All the units are assumed to have a forced outage rate of two 
percent. This system of four generators results in the 
following capacity model shown in Table 1, page 27. 
Load Model 
The load model that is used for the reliability calculations 
is developed to show the variability of daily peak loads on 
26 
CAPACITY MODEL 
Unit • - MW 
Total 
Capacity 
Available Probability of Occurrence 
150 125 100 75 
In In In In 450 MW (0.98)4 = 0.92236816 
In In In Out 375 MW (0.98)3(0.02) = 0.01882384 
In In Out In 350 MW (0.98)3(0.02) = 0.01882384 
In Out In In 325 MW (0.98)3(0.02) = 0.01882384 
Out In In In 300 MW (0.98)3(0.02) = 0.01882384 
In In Out Out 275 MW (0.98)2(0.02)2 = 0.00038416 
In Out In Out 250 MW (0.98)2(0.02)2 = 0.00038416 
Out In In Out 225 MW (0.98)2(0.02)2 = 0.00038416 
In Out Out In 225 MW (0.98)2(0.02)2 = 0.00038416 
Out In Out In 200 MW (0.98)2(0.02)2 = 0.00038416 
0.00038416 Out Out In In 175 MW (0.98)2(0.02)2 = 
In . Out Out Out 150 MW (0.98)(0.02)3 = 0.00000784 
Out In Out Out 125 MW (0.98)(0.02)3 = 0.00000784 
Out Out In Out 100 MW (0.98)(0.02)3 = 0.00000784 
Out Out Out In 75 MW (0.985(0.02)3 = 0.00000784 
Out Out Out Out 0 MW (0.02)A = 0.00000016 
1.00000000 
TABLE 1 
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an annual basis. These models are usually developed from 
historical records of daily peaks.  They may be quite complex, 
but a simple model is used here to demonstrate their use. 
Eleven blocks of load are used to represent the whole range 
of daily peaks found in a year as shown in Table 2, page 29. 
In the load model, a cumulative probability table represents 
the probability that the.load will be the value shown or 
higher. 
Reliability Calculations 
A capacity model which shows the probabilities for exact 
amounts of generation being available and a load model which 
shows the probabilities that the load will be a certain level 
or higher have now been developed.  If the two models are 
merged, the probabilities that the load exceeds the available 
generation can be determined. Combining the capacity and 
load models to determine loss of load probability could just 
have easily been performed using a capacity model developed 
on the basis of the probabilities or availability of specific 
levels of generation or less,, and a load model that had the 
probabilities of occurrence of an exact level of load. 
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LOAD MODEL 
Load Blocks - MW 
Probability of 
Occurrence 
Cummulative Probability 
(Probability Load Will 
Be Value Shown or Higher) 
359 - 370 0.0012 0.0012 
347 - 358 0.0085 0.0097 
335 - 346 0.0384 0.0481 
323 - 334 0.1105 0.1586 
311 - 322 0.2107 0.3693 
299 - 310 0.2614 0.6307 
287 - 298 0.2107 0.8414 
275 - 286 0.1105 0.9519 
263 - 274 0.0384 0.9903 
251 - 262 0.0085 0.9988 
239 - 250 0.0012 1.0000 
l.oood 
TABLE 2 
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The reliability model, Table 3, page 31 is based on the 
coincidence of specific steps of generation being available 
and excess load occurring. 
These events (generation availability and excess load), like 
generator outages, are independent events and the multiple of 
their probabilities is the probability of their coincidence. 
Columns 1 and 2 of Table 3 are the capacity model represented 
in Table 1. For each level of available generation in Column 1, 
the probability that the load will be higher is obtained 
from Table 2 (the load model). 
There is no load in excess of 373 MW and, therefore, there is 
no excess load probability for generation availabilities of 
375 and 450 MW. The load is in excess of 350 MW 0.97% of the 
time and exactly 350 MW of generation is available 1.882...% 
of the time. The coincidence of exactly 350 MW of generation 
being available and the load being in excess of 350 MW is 
(0.0097)(0.01882...) = 0.00018259 per unit of the time. Such 
calculations are repeated similarly for each level of generation 
availability. 
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RELIABILITY MODEL 
(1) 
Generation 
Available (MW) 
(2) 
Probability 
This Generation 
Being Available 
(3) 
Probability 
That Load 
Exceeds Capacity 
(4) 
(2) x (3) 
Probability 
That Load 
Will Be Lost 
450 0.92236816 0 0 
375 0.01882384 0 0 
350 0.01882384 0.0097 0.00018259 
325 0.01882384 0.1586 0.00298546 
300 0.01882384 0.6307 0.01187220 
275 0.00038416 0.9519 0.00036568 
250 0.00038416 0.9988 0.00038370 
225 0.00076832 1.0 0.00076832 
200 0.00038416 1.0 0.00038416 
175 0.00038416 1.0 0.00038416 
150 0.00000784 1.0 0.00000784 
125 0.00000784 1.0 0.00000784 
100 0.00000784 1.0 0.00000784 
75 0.00000784 1.0 0.00000784 
0 0.00000016 1.0 0;00000016 
Total Probabilit y of Loss of Load = 0.01735779 
TABLE 3 
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Saturday, Sunday and holidays are normally omitted in the 
preparation of load models. The load is sufficiently depressed 
on these days so that there is no measurable contribution to 
the annual risk of load loss by their exclusion. Neglecting 
these days there are 250 load days per year on which the load 
model is based. Taking the probability of loss of load from 
the probability model, 0.01736, and multiplying by 250 gives 
the number of days per year that load may be expected to be 
lost. 
(0.01736)(250) = 4.34 days/year 
The reciprocal of this number gives years/day, the measure of 
system reliability normally used in the technical literature 
on this subject. 
1/4.34 = 0.23 years/day 
The results of this example calculation indicate a level of 
system reliability which is far below any standard now used 
in this country. To improve the level of reliability, additional 
generators would be added to the capacity model and calculations 
repeated until the desired level of reliability is achieved. 
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The term "loss of load" is an unfortunate choice of terminology, 
since it suggests planned dropping of load.  Actually, the 
term is intended to express a measure of relative system 
reliability (e.g., "loss of load once in ten years" is a 
higher degree of reliability than "loss of load once in five 
years").  Usually calculations are made with conservative 
assumptions so that reliability is actually higher than 
calculated.  Also various emergency operating procedures, 
such as system voltage reduction, may avoid the need to 
interrupt service to customers due to insufficient installed 
reserve.  Even if some customers were dropped in order to 
balance load and available generation, they would usually 
represent only a small portion of the total load. The average 
customer's supply reliability as influenced by adequacy of 
installed generation capacity is many times higher than the 
designed reliability for the system as a whole. However, 
there is always some risk present, and the probability method 
attempts to define it. 
Power System Analysis Package (PSAP) 
The purpose of the PSAP is to determine the bus voltages and 
line flows resulting from bus loading conditions subject to 
the regulating capability of generators, load tap changing 
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transformers, capacitors, and reactors and the net interchange 
between areas. The process of representing a large electrical 
network requires the use of a digital computer due to the 
complexity and time consuming calculations.  The digital 
solution of the load flow problem requires an iterative 
process of assigning estimated values to the unknown bus 
voltages and calculations a new value for each bus voltage 
from the estimated values at other busses. This iterative 
process is well documented and may be found in power system 
analysis textbooks. 
The PSAP is comprised of two separate programs, one for 
generation dispatch and the other for load flow calculations. 
The load flow program used by many utilities is typically 
capable of handling 1500 busses, 2500 lines, and 500 transformers, 
A general discussion of the components of the PSAP follows. 
Generation Dispatch Program 
The generation dispatch program models the generators of the 
power system. This program has the ability to account for 
the following factors. 
1)  Generator type (nuclear, fossil, etc.) and size. 
34 
2) Generator reactive characteristic - mvar output. This 
simulates the machine data requirements. 
3) Generator heat rate data - This simulates the incremental 
cost of generating electricity. 
The units are brought on or off line according to an economic 
dispatch, the cheapest to run being the first on line and the 
last off line. The cost of running a unit varies with its 
output and is dispatched according to an incremental cost 
curve, which is a unit's incremental cost to generate one 
kilowatt of electricity for one hour. Typically, low cost 
hydro and nuclear units are dispatched first; whereas, high 
cost oil and combustion turbines are dispatched last. The 
results of the generation dispatch are saved for future 
reference and provide input to the following load flow program. 
Load Flow Program 
The alternating current load flow calculates a reasonable 
estimate of the distribution of power flow over transmission 
circuits to provide a quick means for studying the effects of 
generation dispatch changes, transmission line outages or 
additions, and load variations. To accomplish this, a large 
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amount of data is required to accurately model the transmission 
system.  The two basic forms of data required for the program 
are line and bus data and noted as follows: 
Line Data 
1) The resistance, reactance, and line charging data 
for every line. 
2) The resistance, reactance, and taps for every 
transformer. 
3) Normal and emergency capabilities of the line 
components (transmission line or transformer). 
Bus Data 
1) Desired load and/or operation, if any, in MW or 
MVAR. 
2) Upper and lower limits of MVAR generation. 
3) Desired bus-voltage magnitude, which is the voltage 
to be held constant. 
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The information provided by the computer consists of a number 
of tabulations.  The most important information includes the 
following items: 
1) Bus number and name. 
2) Bus voltage magnitude in per unit and phase angle. 
3) Generation and load at each bus in MW and MVAR. 
4) Line flow information in MW and MVAR. 
Other selected summaries of the load flow results that may be 
obtained include: 
1) A listing of all busses where the voltage magnitude is 
above or below a prespecified level. 
2) A listing of line loadings in MVA, which exceed normal 
and emergency ratings. 
3) A listing of interchange values between areas. 
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Transmission Limitations (TLIM) 
In the planning and operation of electric power systems, it 
is frequently desirable to know the maximum amount of power 
which can be transmitted safely across an existing or proposed 
transmission system connecting two or more areas.  These 
areas may be defined in many ways, such as:  1) by company 
boundaries, 2) by weak links in the transmission network, 3) 
by separating an area with excess generation from an area 
with excess load, etc. The process of determining the trans- 
mission limitations for the cases with numerous transmission 
links is tedious and requires the use of a computer model. 
The TLIM Program was developed as a tool to assist in determining 
transfer limitations between two areas. 
The TLIM method extends load flow studies by using a digital 
computer to automatically search for overloaded lines when 
there is a loss of one or more major transmission links.  In 
addition, it has the capability of readjusting generation 
dispatch within areas to determine the maximum interchange 
levels prior to the loss of one or more transmission links. 
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The method uses superposition of power flow on normal load 
flow studies by means of distribution factors. There are two 
types of distribution factors:  one reflects power flow for 
changes in generation, the other reflects redistribution of 
power flow for outage of a line.  The two distribution factors 
are described below. 
Generation distribution factors are initially determined by 
applying a voltage to the generator being tested and a ground 
to a reference point. The current flowing in any particular 
network element divided by the generator current is the 
distribution factor for that element.  The generation limitations 
are chosen to be representative of an increase or decrease of 
generation in any particular section of each area.  Since all 
generators are measured in relation to one reference point, 
it is convenient to shift generation between two generation 
plants in determining the maximum transfer limits between two 
areas. 
In a similar manner, line outage distribution factors are 
obtained by opening the line to be tested and applying a 
voltage to the bus at one end and a ground on the bus at the 
other end. The distribution factor for any element is the 
current in the element divided by the total source current. 
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The computer uses the calculated distribution factors in 
determining new line loadings for generation changes and line 
outages. 
This method allows for a relatively complete analysis of the 
ability of a transmission system to transfer power without 
exceeding normal line ratings and without exceeding emergency 
ratings after failure.  If, for a given transfer level, a 
link is overloaded, output at the participating generator is 
automatically adjusted and a new lower value is determined to 
eliminate the overload. However, if no overload is found, 
generation is automatically adjusted until the transfer limit 
is reached. 
The line flows and ratings are obtained from a solved a.c. 
load flow case. By use of line distribution factors, various 
combinations of contingencies can be simulated. Simultaneously, 
generation can be varied in predefined areas according to 
generation distribution factors to calculate maximum MW 
transfer between two areas for normal system or various 
contingencies. 
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The preceding discussion of basic computer programs provides 
the necessary understanding upon which reliability analysis 
can be developed. The appplication of these programs in 
reliability analysis is discussed in the following chapters. 
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CHAPTER IV 
PROPOSED METHOD 
The proposed method will calculate the reliability of a 
typical utility bulk power transmission system by using 
probabilistic techniques. The results obtained from this 
method can be used to determine the acceptability of a given 
transmission system in meeting a predetermined level of 
reliability. However, the utility industry, in general, has 
not yet clearly established acceptable reliability level(s) 
for transmission systems, so this study will be limited to 
comparing the reliability indices of alternate transmission 
system plans. 
The procedure can be broken down into six basic steps as 
shown below. Steps 1, 2, and 4 are independent and can be 
done concurrently. These steps are as follows: 
Step 1:  Calculate Reliability Transfer Requirements using 
GEBGE single area program. 
Step 2:  Calculate Economic Transfer Requirements using PSAP 
dispatch. 
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Step 3:  Calculate Total Transfer Requirements by combining 
the reliability and economic transfers. 
Step 4:  Calculate Transfer Limits by using PSAP and Trans- 
mission Limitations Program (TLIM). 
Step 5:  Calculate probability and extent of load shedding 
by combining transfers and transfer limits. 
Step 6:  Repeat Steps 1 through 5 for the alternate trans- 
mission system plans. 
A discussion of each of the above steps follows. 
1.  Reliability Transfer Requirements - The reliability 
transfer requirements of an area are calculated, using 
the GEBGE single area program. This program calculates 
the probability of internal generation in an area being 
adequate to supply its load. Any shortages are interpreted 
as required transfers from outside the area under study. 
The results obtained from the GEBGE run are then used to 
produce a plot of "LOLP (year per day expectation)" vs 
"transfer (MW)" as shown in Figure 1, page 44. The years 
\ 
per day expectation is the reciprocal of the commonly 
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used term of days per year.  In the case of years per 
day, a higher value indicates a more infrequent expectation. 
The results of the GEBGE run are then converted to a 
more useful format to show transfer levels and their 
associated need in hours per year.  This is done by 
interpolating the GEBGE results from Figure 1, page 44, 
to determine the probabilities of occurrence at given 
transfer levels; i.e. every 100 MW. Column 2 of Table 4, 
page 46, lists the interpolated values derived from 
Figure 1, page 44. The interpolated values, in years 
per day of occurrence, are inverted to produce days per 
year (Column 3). 
Starting at the lowest transfer level, the days per year 
of occurrence are subtracted from the next level of 
occurrence. The resulting days per year values are 
assigned to the higher transfer level (Column 4). These 
values are in turn multiplied by an estimate of the 
duration per day of the capacity shortage requiring the 
transfer; i.e. ten hours (Column 5). A table of transfer 
level in MW (Column 1) and duration in hours per year 
(Column 5) for reliability reasons has now been produced. 
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RELIABILITY TRANSFER REQUIREMENTS 
Requirements Requirements 
L.O.L.P.     L.O.L.P.      for Each for Each 
With Shown   With Shown    Transfer Transfer 
Transfer  Transfer    Transfer      Level Level 
Level-MW Years/Day(1) Days/Year(2) Days/Year(3) Hours/Year(4) 
4800 5.6 .1786 
.0520 .520 
5000 7.9 .1266 
.0357 .357 
5200 11.0 .0909 
.0284 .284 
5400 16.0 .0625 
.0190 .190 
5600 23.0 .0435 
.0141 .141 
5800 34.0 .0294 
.0090 .090 
6000 49.0 .0204 
.0067 .067 
6200 73.0 .0137 
.0036 .036 
6400 99.0 .0101 
.0020 .020 
6600 124.0 .0081 
.0014 .014 
6800 149.0 .0067 
.0010 .010 
7000 174.0 .0057 
.0007 .007 
(1) From Figure 1, page 44 
(2) Reciprocal of (1) 
(3) Differences Between Steps of (2) 
(4) (3) x 10 Hours/Day 
TABLE 4 
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2.  Economic Transfer Requirements - This step will yield a 
table of the economic power transfer levels and associated 
durations in hours for the area under study. The sum of 
all of the durations should equal the time period under 
consideration (i.e. 8760 hours if time period of one 
year is chosen). 
One method of obtaining this relationship is by use of 
the.PSAP dispatch program which was discussed earlier. 
Load duration curves are plotted for both the examined 
area and the total interconnection for the maintenance 
(Spring and Fall) and non-maintenance (Summer and Winter) 
seasons. Both.sets of curves are then examined to 
determine the fewest load levels which can adequately 
represent the possible ranges of load. 
The selected representative load levels and their durations 
are then tabulated in Table 5, page 48. 
PSAP dispatches are then made for the defined load 
levels for the entire interconnection. In most cases, 
an economic PSAP dispatch of the generation both internal 
and external to the study area is performed. The results 
of the PSAP run provide generation values internal and 
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ECOMONY TRANSFER REQUIREMENTS 
MW Load MW Load 
Per Cent Examined Total Duration Duration 
Load Level Area Interconnection in Per Unit in Hours 
Non-Maintenance Season 
82-1/2% 16,290 28,970 .125 1095 
70% 13,820 24,580 .125 1095 
65% 12,830 22,830 .125 1095 
55% 10,860 19,320 .125 1095 
Maintenance Season 
72-1/2% 14,310 25,460 .125 1095 
65% 12,830 22,830 .125 1095 
57-1/2% 11,350 20,190 .125 1095 
50% 9,870 17,560 .125 1095 
TABLE 5 
1.000 8760 
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external to the study area.  The internal generation is 
defined as the generation within the examined area while 
the external generation includes the remaining interconnec- 
tion generation. The difference between load and generation 
in the examined area would be the economic transfer of 
that area. 
To simulate the various generator outages, generator 
outputs are reduced by their effective forced outage 
rates (EFOR) for the non-maintenance season.  For the 
maintenance season generation is reduced by both the 
effective forced and scheduled outage rates (EFOR-ESOR). 
From this information, a table of economic transfer in 
MW and duration of transfer is then completed. 
3.  Total Transfer Requirements - The reliability and economic 
transfers of Steps 1 and 2 are merged to produce the 
total transfers.  Since the economic transfers already 
account for the whole year, adjustments must be made to 
account for the reliability transfers. This is accom- 
plished by subtracting the duration of the reliability 
transfers from the duration of the economy transfers. 
After the reliability and economic transfers are merged, 
the resultant hours per year are converted into per unit 
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time.  Table 6, page 51, which is a continuation of the 
original example, illustrates this technique. 
4.  Transfer Limits - A load flow case should be set up to 
represent an expected or average load level.  Distribution 
factors (DFAX) are then calculated for this basic system. 
The transmission limitations program (TLIM) is then 
utilized to calculate the transfer limits into the area 
under study from the remaining areas.  The TLIM program 
using the calculated distribution factors and the results 
obtained from the load flow run calculates the transfer 
limits for all the specified contingencies. 
The specification of the contingencies is based on 
engineering judgment and is very critical for obtaining 
proper results. Single contingency failures occur more 
frequently with little or no impact on system performance, 
while double and triple contingency failures occur less 
frequently with a greater impact on system performance. 
If one chooses to examine all possible single, double, 
triple,...contingency combinations, extensive computer 
time would be expended.  In fact, for a system with 100 
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lines, 2   or 1.27 x 10  different combinations are 
possible. To reduce the number of calculations, guidelines 
to the selection of contingencies are usually utilized. 
The following suggested guide is provided for the selection 
of contingencies. 
a. All 500 kV single contingency outages. 
b. Selected 230 kV single contingency outages. 
c. Selected 500 kV and 230 kV stuck breakers. 
d. Selected 500 kV and 230 kV double circuit outages 
(or lines sharing common right of way). 
e. Selected total station outages (maximum credible 
analysis). 
The double and triple contingencies resulting from 
several independent single contingency outages are not 
examined due to their low probabilities of occurrence. 
Whereas, single contingency and common mode outages are 
examined as suggested above. 
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After completion of TLIM runs, a tabulation of the MW 
transfer limit and its associated contingency is made. 
The MW transfer levels are then rounded off to the 
nearest step size used in the transfer calculations. 
The assignment of interruption rates for every circuit 
or combination of circuits is approximated and based on 
engineering judgment due to the absence of specific 
data. Assigning individual interruption rates to lines, 
breakers, etc. would also increase the number of calcu- 
lations. 
Using the tables of transfer limits, contingencies, and 
circuit interruption rates, a table of transfer limits 
and frequency of occurrence is established. For a given 
transfer limit the interruption frequency in occurrences 
per year of all the various contingencies, which could 
cause that limit are added.  Table 7, page 54, illustrates 
the steps in producing this table, which has transfer 
limits in MW and the occurrences per year these transfer 
limits will appear. 
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NUMBER OF LIMITING OUTAGES FIRST 
FOUND AT INDICATED TRANSFER LEVELS 
Transfer 
Limit-MW 
<4800 
4800-5000 
5000-5200 
5200-5400 
5400-5600 
5600-5800 
5800-6000 
6000-6200 
6200-6400 
6400-6600 
6600-6800 
6800-7000 
>7000 
Single 
Contingencies 
500 kV 230 kV 
Stuck 
Breakers 
1 
2 
1 
5 
20 
Double Maximum 
Circuit Credible Occurrence 
Outages Analysis Per Year 
1 .001 
1 .001 
1.005 
1 .001 
.010 
1 .001 
.005 
1 .011 
3 .008( 
.025 
1 1.101 
Assumed Interruption Rates: 
a) Single contingencies (500 kV) 
b) Single contingencies (230 kV) 
c) Stuck Breakers 
d) Double Circuit Outages 
e) Maximum Credible Analysis 
Occurrences Per Year 
1.0 
1.0 
.005 
.01 
.001 
(1) Calculated from assumed interruption rates and contributing 
contingencies - i.e. at 6600-6800 MW transfer. 
(1)(.005) + (3)(.001) = .008 
TABLE 7 
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5. Probability and Extent of Load Shedding - The occurrence 
of transfer limits and transfers (themselves are presumed 
to be independent events.  The product of the frequency 
of occurrence of a transfer limit and the per unit of 
time that transfer levels are in excess of this limit 
gives the occurrences of load shedding per year.  The 
differences between the transfer limit and the transfer 
is the MW load shed. These calculations are performed 
for each transfer level (Table 8, page 56).  The calculated 
values are summed according to MW of load shed. 
These values are then added to produce a table of MW 
load shed or higher with occurrences per year.  The 
reciprocal of this table gives results in terms of years 
per occurrence. Table 9, page 57 and Figure 2, page 58 
illustrate the final stage of the sample evaluation. 
6. Alternate System Plans - The entire procedure, Steps 1 
through 5, is then repeated for alternate transmission 
system plans to render results for comparison purposes. 
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LOAD SHEDDING - TRANSFER LEVEL OF 6800 MW^ 
Duration of    Occurrences Occurrences Per 
Transfer  Transfer in    Per Year of     MW      Year of Load 
Level   Per Unit Year Transfer Limit Load Shed    Shedding 
7000 
6800   6.249 x 10~2 
6600 
6400 
6200 
6000 
5800 
5600 
5400 
5200 
5000 
4800 
(1) Similar calculations performed at every transfer level. 
.008 0 4.999 x 10"* 
- 200 - 
.011 400 6.875 x IO"* 
.005 600 3.125 x ID"4 
.001 800 6.249 x 10"5 
- 1000 - 
.010 1200 6.249 x ID"4 
.001 1400 6.249 x lO"5 
1.005 1600 6.250 x lO"2 
.001 1800 6.249 x 10"5 
:ooi 2000 6.249 x lO"5 
TABLE 8 
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EXPECTATION OF LOAD SHEDDING 
MW      Occurrences 
Load Shed     Per Year 
Cumniulative    Years Per Occurrence 
Occurrences    of Load Shedding at 
Per Year     MW Value or Greater 
0 3.193 x 10"3 .1061 9.42 
200 .01474 .1029 9.72 
400 .01681 .0882 11.3 
600 9.312 x 10~3 .07137 14.0 
800 .02669 .06206 16.1 
1000 .02062 .03537 28.3 
1200 1.125 x 10"3 .01475 67.8 
1400 6.812 x 10'3 .01362 73.4 
1600 6.625 x 10"3 6, .812 x 10" -3 147 
1800 1.252 x 10"4 1. .877 x 10" -4 5328 
2000 6.249 x 10'5 6, .250 x 10" ■5 16000 
2200 1.9 x 10~9 ] L.90 x 10" ■9 5.26 x 108 
TABLE 9 
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CHAPTER V 
SAMPLE APPLICATION 
To demonstrate the usefulness of the method outlined in 
Chapter IV, a test utility example is considered. 
The 1981 Bulk Power transmission system of a test utility was 
chosen for this evaluation. The base load flow case used in 
the evaluation is the 1981 summer peak case. Alternative 
transmission base case system configurations were studied to 
assess, on a comparative basis, the reliability of alternate 
transmission system configurations. These are as follows: 
1) The 1981 transmission system with all planned transmission 
facilities in service is shown in MW on Figure 3, page 60. 
2) The 1981 transmission system without the Hosensack-Elroy 
500 kV Line in-service, and the rest of the system as 
planned is shown in MW on Figure 4, page. 61. 
A brief discussion of the six basic steps outlined in detail 
in Chapter IV follows. 
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1. Reliability Transfer Requirements - The transfer require- 
ments for reliability were calculated using the GEBGE 
single area program based on the probability that the 
available internal generation of the companies external 
to the test utility was inadequate to supply their load. 
The test utility geographical area included all the 230 
kV and the 69 kV units as its internal generation but 
external to the overall test area (see Figure 5, page 63). 
The transfer level calculated by the GEBGE runs were 
plotted against Expectation in years/day as shown in 
Figure 6, page 64. Any shortages are interpreted as 
requiring transfers from the test utility system. For 
example, Figure 6, page 64 indicates that a 1500.MW 
transfer level would be required for reliability transfers 
of 1 day in 10 years. 
The results of the GEBGE run were then converted to show 
transfer levels and their associated needs in hours per 
year. A summary of the transfer requirements for reliability 
using the method is outlined in Chapter IV and is shown 
in Table 10, page 65. 
2. Economic Transfer Requirements - The main goal of this 
section was to obtain a tabulation of economic transfers 
62 
63 
EXPECTATION  OF RELIABILITY TRANSFER 
100 H 
3 Q 
CO 
K 
< 
w 
s 
o 
M 
Si 
EH 
O 
&> 
& 
1000 2000 
"1  
.3000 Uooo 
TRANSFER LEVEL - MW 
FIGURE  6 
6k 
4) 
u > ^-> 
o 4) >* 
•4-4 (-4 •~_^ 
u H M 
4J 0> (Q 
a 4-< V 
a M   >< 
B (3 *^* 
o> « W 
u M M 
•H H 3 
3 O CJ3 W 
£ U (0 
W 
NM4HinnnM»iHoooo 
^■I-HOOJVOCOI-HOOOOOOO 
0» 
M   > O   «r\ 
u-t ij on 
U    M 
d U-l   (T3 
u  io  u 
a d ex 
U UN J-l n w 
•H  H   t>< 
a      « 
0)   CJ 
«   a) 
w 
vf<Mmoor-c*cnvor--oor-.roi—ir-ioo 
t>4«s«4,r-iu">cocoi--corHoooooo 
»tfi-<OeM\OCOrHOOOOOOOOO 
OJCMOJrHOOOOOOOododd 
aJ iw eg 
•H   W w 
• u  co 
Oi H   01 
' _ fc"1 i-l ds 
• 3!    u 
o  o >> 
• jd « 
t-3 CO « 
a 
2 
HNinOCMl/1vOf>»H»*VOO>VOinsfsJ 
O\«fl^O00N00>ifN(0HOOOOO 
ovommojvoojr-ioooooooo 
0\vO>a-P>JrHOOOOOOOOOOO 
u 
J3 O) /—\ 
±J 4-1 rH 
•H CO s_^ 
* a 
IQ t* 
• 1-1 CO 
CM H Q 
• 
**■* 
i-5 S CO u d O « 
XI Ol 
1-5   CO   tH 
n 3: 
a) x: 4-1 1 
U i-l 
a 01 
<o > 
H ^ 
mCMOOOOOOOOOOOOOO 
i-Hcs-^r^vomooomooooooo 
CO \0 »* CT> O «N 
HNVOH o o m o r» i-t •* v© 
H«M CM N 
OOOOOOOOOOOOOOOO 
OOOOOOOOOOOOOOO 
i-)HHHr-INNNNN(n 
0 
VO 
01 
00 
ra /—N 
a. r-t 
v^ #* 
CO 14-1 
0 
01 
u rH 
3 CO 
00 U 
•H O 
tn hi 
a. 
B •H 
O O 
U 01 
(S4 OS 
cs 
65 
into or out of the test utility area and the hours of 
duration for each specific transfer. One method of 
obtaining this relationship is by use of the PSAP heat 
rate dispatch program. The results of the procedure 
outlined in Chapter IV are shown in Table 11, page 67. 
This method attempts to approximate the frequency distribu- 
tion of transfer levels using only eight load levels 
(four load levels for maintenance and four load levels 
for non-maintenance seasons) as shown in Figure 7, page 68. 
However, as a result of the limited number of dispatch 
runs, the transfer level hours are lumped and assigned 
to only a few of the many available transfer levels. To 
provide for a more refined transfer level frequency 
distribution, additional dispatch cases would be required. 
To obviate the need to run additional dispatch cases, 
historical interchange (transfer level) data adjusted 
for the additional internal generation and load to 
represent 1981 conditions was reviewed. The adjusted 
historical interchange data as shown in Figure 8, page 69 
confirms the relative accuracy of the PSAP dispatch 
method (Table 11, page 67) and provides values for all 
transfer level intervals. 
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ECONOMY TRANSFER REQUIREMENTS 
Test 
Per Cent          Utility Duration Duration 
Load Level       Exports (MW) in Per Unit in Hours 
Non-Maintenance Season 
85%             2100 .125 1095 
75%             1900 .125 1095 
65%             1600 .125 1095 
55%             1300 .125 1095 
Maintenance Season 
72 1/2%           1600 .125 1095 
65%             1400 .125 1095 
57 1/2%           1100 .125 1095 
50%             800 .125 1095 
1.000 8760 
TABLE 11 
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Care must be exercised in interpreting historical inter- 
change data adjusted for future system conditions.  If 
there are extensive load and generation changes, the 
frequency distribution of historical interchange data is 
also likely to change.  In this case, one should run the 
additional PSAP dispatch cases to obtain a more realistic 
frequency distribution representation. 
3. Total Transfer Requirements - The reliability and economic 
transfers were combined on the basis of 8760 hours/year 
to form total transfers. Since the economic transfers 
already account for the whole year, provisions were made 
for changing the reliability transfers. Table 12, page 71 
shows the total transfers and their associated occurrences 
both in hours/year and in per unit year values. 
4. Transfer Limits - The TLIM program formed the basis for 
calculating transfer limits out of the test utility 
system.  In the study, the 70% load level, which occurs 
approximately 50% of the time, was selected for testing. 
Two base load flow cases were created, with the test 
utility at the 70% load level and generation dispatched 
economically with individual generator units derated by 
their EFOR. 
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ECONOMY AND RELIABILITY TRANSFER REQUIREMENTS 
Transfer 
Level-MW 
Reliability 
Transfer 
(Hours/ 
Year) 
Economic 
Transfer 
(Hours/ 
Year) 
Adjusted 
Economic 
Transfer 
(Hours/ 
Year) 
Merged 
Reliability 
Economic 
Transfers 
(Hours/ 
Year) 
Total 
Transfers 
Per Unit 
of Time 
0 24.24 44 19.76 '44 .005 
200 21.22 88 66.78 88 .010 
400 20.45 228 207.55 228 .026 
600 12.18 385 372.82 385 .044 
800 6.57 648 641.43 648 .074 
1000 3.39 920 916.61 920 .105 
1200 1.39 1139 1137.61 1139 .130 
1400 0.76 1270 1269.24 1270 .145 
1600 0.37 1191 1190.63 1191 .136 
1800 0.18 999 998.82 999 .114 
2000 0.07 762 761.93 762 .087 
2200 0.03 438 437.97 438 .050 
2400 0.01 298 297.99 298 .034 
2600 0.01 210 209.99 210 .024 
2800 0 96 96 96 .011 
3000 0 18 18 18 .002 
TABLE 12 
71 
For the purposes of this study, transfer limits were 
determined at the 70% load level only. To identify the 
transfer limits that might occur over the entire load 
range, transfer limits should also be calculated at 
light load and peak load. 
Table 13, page 73 summarizes the number and types of 
outages for which limitations were found. The 0 MW to 
3000 MW range of the test utility exports correspond to 
the expected range of total transfers shown in Table 12, 
page 71. 
After obtaining an ordered list of transfer limits, the 
frequency of occurrence of those limits were computed. 
Due to lack of historical data, certain assumptions had 
to be made about the interruption rates of transmission 
lines. Therefore, assumed interruption rates as shown 
in the notes of Table 13, page 73, were used. At this 
point, a list of transfer requirements and their frequency 
of occurrence (Table 12, page 71) and a list of transfer 
limits and their frequency of occurrence (Table 14, page 74) 
are obtained. 
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INCREMENTAL 
TRANSFER LIMIT OCCURRENCES/YEAR 
Transfer 
Level-MW Hosensack-Elroy In    Hosensack-Elroy Out 
<0 .005^ 
200 .010 
400 .011 
600 2.000 
800 .005 .031 
1000 .011 2.017 
1200 1.010 .010 
1400 .001 2.010 
1600 1.032 .011 
1800 .010 1.030 
2000 1.005 2.001 
2200 .010 1.015 
2400 .010 2.001 
2600 2.025 4.025 
2800 .010 5.002 
>3000 1.005 5.015 
'Sample Calculation - (Values for <0 MW taken from Table 13) 
1 (.005) = .005 
TABLE 14 
74 
Probability and Extent of Load Shedding - The occurrence 
of transfer limits (Table 14, page 74) and transfer 
requirements (Table 12, page 71) are presumed to be 
independent events.  By convoluting the values shown in 
Table 12, page 71 and Table 14, page 74, the occurrence 
of load shedding shown in Table 15, page 76 are obtained. 
The details of the convolution method is shown in Appendix 
A, page 83.  The final results calculated for both 
alternative plans are plotted on Figure 9, page 77. 
Distinctive differences are noted in the reliability 
margins of the two plans studied. These are consistent 
with the results obtained from a load flow analysis. 
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EXPECTATION OF LOAD SHEDDING 
Load Shedding 
MW Value or Gi 
at 
reater 
Hosensack-Elroy in 
Years Per Occurrence 
of Load Shedding 
.66 
Hosensack-Elroy Out 
Years Per Occurrence 
of Load Shedding 
0 .16 
200 .90 .20 
400 1.31 .25 
600 2.01 .32 
800 3.30 .44 
1000 6.00 .62 
1200 11.42 .93 
1400 24.49 1.44 
1600 71.97 2.36 
1800 
2000/ 
425.89 5.73 
11494.25 12.27      -= 
2200 105 36.00 
2400 oo 205.42 
2600 oo 2967.36 
2800 oo 11764.71 
3000 00 105 
TABLE 15 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
An electric utility is responsible for designing and operating 
electrical transmission systems to meet established reliability 
criteria at the lowest possible cost.  This requires developing 
plans for future electrical supply facilities with the best 
balance of reliability, environmental factors, and economic 
considerations. 
It has been demonstrated that using the proposed reliability 
technique, one can assess the reliability of various transmission 
systems on a comparative basis.  In cases where both systems 
satisfy the same reliability criteria, this method can be 
used to evaluate the relative benefits of one system over 
another.  In justifying the purpose and necessity of a facility 
to a regulatory agency, this method can be particularly 
useful. 
An area which deserves further industry consideration is in 
the collection of interruption rate data.  The assumed interrup- 
tion rates used in this thesis will impact on the absolute 
values of the final result; however, it will not impact on 
78 
r 
the relative values of alternative plans if assumptions for 
the interruption rates are applied consistently.  This is 
acceptable provided one limits the reliability analysis to 
the comparison of alternate system plans. However, if one 
compares the results of the alternative plans to a predefined 
reliability benchmark level, the need for accurate interruption 
rate data is necessary. 
A survey conducted in 1977 by an Edison Electric Institute 
Task Force indicated that of the companies responding over 
70% stated that available transmission performance data was 
not collected in a manner usable for reliability studies. A 
few utilities in the United States have begun collecting data 
on their own, but the methods used are quite varied.  It 
would be quite difficult to compile an overall U.S. data base 
from these inputs. To improve the coordination of data 
acquisition, the Electric Power Research Institute has contracted 
a research project titled "Bulk Transmission System Component 
Outage Data Base".  Hopefully, this project will ultimately 
lead to the actual collection of data using a common format 
for all utilities. 
A second area deserving further industry considerations is 
the evaluation of critical contingencies. At the present 
79 
time, it is not possible to explicitly evaluate all possible 
contingencies that can occur in a bulk power supply system 
due to the extremely large number of possible combinations. 
Thus, it is necessary to identify which of the possible 
contingency states are critical.  Two things determine the 
criticality of a contingency state; the probability of the 
occurrence and the effect this has on the bulk power supply 
(9) 
system. A recent IEEE paper   describes a method of ranking 
contingencies on the bases of their effect on transmission 
component overloads and on bus and VAR limit violations. 
This technique is based upon the evaluation of the sensitivity 
of certain performance indices to the loss of transmission 
and generation components. This technique could be used in 
conjunction with the method proposed in this thesis. 
It is hoped that this paper will result in increased use of 
quantitative reliability methods in assessing the reliability 
of bulk power transmission systems in order to further justify 
purpose and necessity of transmission projects. Hopefully, 
this thesis will also spur future research into data collection 
and critical contingency analysis. 
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APPENDIX A 
CONVOLUTION METHOD 
HOSENSACK-ELROY IN 
Cummulative 
Occurrence Occurrence Years 
Load Year Year Occurrence 
0 .413457 1.518612 .658496 
200 .340184 1.105155 .904850 
400 .268573 .764971 1.307239 
600 .193638 .496398 2.014512 
800 .136257 .302760 3.302946 
1000 .078949 .166503 6.005897 
1200 .046721 .087554 11.421522 
1400 .026939 .040833" 24.489995 
1600 .011546 .013894 71.973513 
1800 .002261 .002348 425.894378 
2000 .000077 .000087 11494.252873 
2200 .000010 .000010 100000.000000 
2400 0 0 00 
2600 0 0 oo 
2800 0 0 00 
3000 0 0 oo 
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Total Transfer Transfer Limits Occurrences 
Transfer Load Per Unit Occurrences p.u. of the 
Level Shed 
0 
of Time Per Year Year 
3000 .002 1.005 .002010 
2800 200 .010 .000020 
2600 400 2.025 .004050 
2400 600 .010 .000020 
2200 800 .010 .000020 
2000 1000 1.005 .002010 
1800 1200 .010 .000020 
1600 1400 1.032 .002064 
1400 1600 .001 .000002 
1200 1800 1.010 .002020 
1000 2000 .011 .000022 
800 2200 .005 .000010 
600 2400 o ■' 0 
400 2600 0 0 
200 2800 0 0 
0 3000 0 0 
2800 0 .011 .010 .000110 
2600 200 2.025 .022275 
2400 400 .010 .000110 
2200 600 .010 .000110 
2000 800 1.005 .011055 
1800 1000 .010 .000110 
1600 1200 1.032 .011352 
1400 1400 .001 .000011 
1200 1600 1.010 .011110 
1000 1800 .011 .000121 
800 2000 .005 .000055 
600 2200 0 0 
400 2400 0 0 
200 2600 0 0 
0 2800 0 0 
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Total Transfer Transfer Limits Occurrences 
Transfer Load Per Unit Occurrences p.u. of the 
Level Shed 
0 
of Time Per Year Year 
2600 0.024 2.025 .048600 
2400 200 
.010 .000240 
2200 400 
.010 .000240 
2000 600 1.005 .024120 
1800 800 * 
.010 .000240 
1600 1000 1.032 .024768 
1400 1200 
.001 
.000024 
1200 1400 1.010 .024240 
1000 1600 
.011 
.000264 800 1800 
.005 .000120 600 2000 0 o 
400 2200 ' 0 o 
200 2400 0 o 
0 2600 0 0 
2400 0 .034 
.010 .000340 
2200 200 
.010 
.000340 
2000 400 1.005 .034170 
1800 600 
.010 
.000340 
1600 800 1.032 
.035088 
1400 1000 
.001 
.000034 
1200 1200 1.010 
.034340 
1000 1400 
. OIL. 
.000374 800 1600 
.005 .000170 600 1800 0 0 
400 2000 0 o 
200 2200 0 o 
0 2400 0 0 
2200 0 
.05 .010 
.000500 
2000 200 1.005 .050250 1800 400 1.010 
.000500 1600 600 1.032 
.051600 1400 800 
.001 
.000050 1200 1000 1.010 
.050500 
1000 1200 
.011 
.000550 800 1400 
.005 .000250 600 1600 0 o 
400 1800 0 o 
200 2000 0 o 0 2200 0 0 
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Total Transfer Transfer Limits Occurrences 
Transfer Load Per Unit Occurrences p.u. of the 
Level Shed 
0 
of Time Per Year Year 
2000 
.087 1.005 .087435 
1800 200 
.010 .000870 
1600 400 1.032 .089784 
1400 600 
.001 .000087 
1200 800 1.010 .087870 
1000 1000 
.011 .000957 
800 1200 
.005 .000435 
600 1400 0 0 
400 1600 0 0 
200 1800 0 0 
0 2000 0 0 
1800 0 .114 .010 .001140 
1600 200 1.032 .117648 
1400 400 
.001 .000114 
1200 600 1.010 .115140 
1000 800 
.011 .001254 
800 1000 
.005 .000570 
600 1200 0 0 
400 1400 0 0 
200 1600 0 0 
0 1800 0 0 
1600 0 .136 1.032 .140352 
1400 200 
.001 .000136 
1200 400 1.010 .137360 
1000 600 
.011 .001496 
800 800 
.005 .000680 
600 1000 0 0 
400 1200 0 0 
200 1400 0 0 
0 1600 0 0 
1400 0 .145 .001 .000145 
1200 200 1.010 .146450 
1000 400 
.011 .001595 
800 600 
.005 .000725 
600 800 0 0 
400 1000 0 o 
200 1200 0 0 
0 1400 0 0 
86 
Total Transfer Transfer Limits Occurrences 
Transfer Load Per Unit Occurrences p.u. of the 
Level Shed 
0 
of Time Per Year Year 
1200 .130 1.010 .131300 
1000 200 .011 .001430 
800 400 .005 .000650 
600 600 0 0 
400 800 0 0 
200 1000 0 0 
0 1200 0 0 
1000 0 .105 .011 .001155 
800 200 .005 .000525 
600 400 0 0 
400 600 0 0 
200 800 0 0 
0 1000 
• 0 0 
800 0 .074 .005 .000370 
600 200 0 0 
400 400 0 0 
200 600 0 0 
0 800 0 0 
600 0 .044 0 0 
400 200 0 0 
200 400 0 0 
0 600 0 0 
400 0 .026 0 0 
200 200 0 0 
0 400 0 0 
200 0 .01 0 0 
0 200 0 0 
.005 
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HOSENSACK-ELROY OUT 
Cummulative 
Occurrence Occurrence Years 
Load Year Year Occurrence 
0 1.178709 6.220429 .160761 
200 1.016796 5.041720 .198345 
400 .913291 4.024924 .248452 
600 .815693 3.111633 .321374 
800 .677509 2.295940 .435551 
1000 .538869 1.618331 1617920 
1200 .385904 1.079462 .926387 
1400 .269839 .693558 1.441840 
1600 .249310 .423719 2.360054 
1800 .092941 .174409 5.733649 
2000 .053684 .081468 12.274758 
2200 .022916 .027784 35.991937 
2400 .004531 .004868 205.423171 
2600 .000252 .000337 2967.359050 
2800 .000075 .000085 11764.705882 
3000 .000010 .000010 100000.000000 
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Total Transfer Transfer Limits Occurrences 
Transfer Load Per Unit Occurrences p.u. of the 
Level Shed 
0 
of Time Per Year Year 
3000 .002 5.015 .010030 
2800 200 5.002 .010004 
2600 400 4.025 .008050 
2400 600 2.001 .004002 
2200 800 1.015 .002030 
2000 1000 2.001 .004002 
1800 1200 1.030 .002060 
1600 1400 .011 .000022 
1400 1600 2.010 .004020 
1200 1800 .010 .000020 
1000 2000 2.017 .004034 
800 2200 .031 .000062 
600 2400 2.000 .004000 
400 2600 .011 .000022 
200 2800 .010 .000020 
0 3000 .005 .000010 
2800 0 .011 5.002 .055022 
2600 200 4.025 .044275 
2400 400 2.001 .022011 
2200 600 1.015 .011165 
2000 800 2.001 .022011 
1800 1000 1.030 .011330 
1600 1200 .011 .000121 
1400 1400 2.010 .022110 
1200 1600 .010 .000110 
1000 1800 2.017 .022187 
800 2000 .031 .000341 
600 2200 2.000 .022000 
400 2400 .011 .000121 
200 2600 .010 .000110 
0 2800 .005 .000055 
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Total Transfer   Transfer Limits Occurrences 
Transfer Load     Per Unit       Occurrences p.u. of the 
Level Shed     of Time         Per Year Year 
2600 0      .024           4.025 .096600 
2400 200 2.001 .048024 
2200 400 1.015 .024360 
2000 600 2.001 .048024 
1800 800 1.030 .024720 
1600 1000 
.011 .000264 
1400 1200 2.010 .048240 
1200 1400 
.010 .000240 
1000 1600 2.017 .048408 800 1800 
.031 .000744 600 2000 2.000 .048000 400 2200 
.011 .000264 200 2400 
.010 .000240 0 2600 
.005 .000120 
2400 0      .034           2.001 
.068034 2200 200 1.015 .034510 2000 400 2.001 .068034 1800 600 1.030 .035020 1600 800 
.011 .000374 1400 1000 2.010 .068340 
1200 1200 
.010 .000340 
1000 1400 2.017 .068578 800 1600 
.031 .001054 600 1800 2.000 .068000 400 2000 
.011 .000374 200 2200 
.010 .000340 0 2400 
.005 .000170 
2200 0       .05 1.015 .050750 
2000 200 2.001 .100050 
1800 400 1.030 .051500 
1600 600 
.011 .000550 
1400 800 2.010 .100500 
1200 1000 
.010 .000500 
1000 1200 2.017 .100850 800 1400 
.031 .001550 600 1600 2.000 .100000 400 1800 
.011 .000550 200 2000 
.010 .000500 0 2200 
.005 .000250 
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Total Transfer Transfer Limits Occurrences 
Transfer Load Per Unit Occurrences p.u. of the 
Level Shed 
0 
of Time Per Year Year 
2000 .087 2.001 .174087 
1800 200 1.030 .089610 
1600 400 .011 .000957 
1400 600 2.010 .174870 
1200 800 .010 .000870 
1000 1000 2.017 .175479 
800 1200 .031 .002697 
600 1400 — 2.000 .174000 
400 1600 .011 .000957 
200 1800 .010 .000870 
0 2000 .005 .000435 
1800 0 .114 1.030 .117420 
1600 200 .011 .001254 
1400 400 2.010 .229140 
1200 600 .010 .001140 
1000 800 2.017 .229938 
800 1000 .031 .003534 
600 1200 2.000 .228000 
400 1400 .011 .001254 
200 1600 .010 .001140 
0 1800 .005 .000570 
1600 0 .136 .011 .001496 
1400 200 2.010 .273360 
1200 400 .010 .001360 
1000 600 2.017 .274312 
800 800 •■•• .031 .004216 
600 1000 2.000 .272000 
400 1200 .011 .001496 
200 1400 .010 .001360 
0 1600 .005 .000680 
1400. 0 .145 2.010 .291450 
1200 200 .010 .001450 
1000 400 2.017 .292465 
800 600 .031 .004495 
600 800 2.000 .290000 
400 1000 .011 .001595 
200 1200 .010 .001450 
0 1400 .005 .000725 
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Total Transfer Transfer Limits Occurrences 
Transfer Load Per Unit Occurrences p.u. of the 
Level Shed 
0 
of Time Per Year Year 
1200 .130 .010 .001300 
1000 200 2.017 .262210 
800 400 .031 .004030 
600 600 2.000 .260000 
400 800 .011 .001430 
200 1000 .010 .001300 
0 1200 
.005 .000650 
1000 0 .105 2.017 .211785 
800 200 
.031 .003255 
600 400 2.000 .210000 
400 600 .011 .001155 
200 800 .010 .001050 
0 1000 
.005 .000525 
800 0 .074 .031 .002294 
600 200 2.000 .148000 
400 400 .011 .000814 
200 600 .010 .000740 
0 800 .005 .000370 
600 0 .044 2.000 .088000 
400 200 .011 .000484 
200 400 .010 .000440 
0 600 .005 .000220 
400 0 .026 .011 .000286 
200 200 .010 .000260 
0 400 .005 .000130 
200 0 .01 .010 .000100 
0 200 .005 .000050 
.005 .005 .000025 
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